Introduction
Cancer is the leading disease-related cause of death among children and adolescents(Centers for Disease Control and Prevention (CDC), 2007); and cancer involving the central nervous system (CNS) is among the most common cancers seen in infancy through adolescence, ranking either first or second only to leukaemia in Canada (Ellison et al., 2009) , the USA (Linet et al., 1999; Bunin et al., 1996 ;Centers for Disease Control and Prevention (CDC), 2007) and Mexico (Rendón-Macías et al., 2008) . In the year 2004, for example, there were 555 confirmed cases of CNS cancer-related death among children in the United States, versus 566 for leukemia, representing 25.0% and 25.5% of the total number of cancer deaths in individuals less than 20 years old(Centers for Disease Control and Prevention (CDC), 2007). Nevertheless, survival from cancer has improved dramatically over the past forty years, presumably due to a combination of improved treatments and earlier detection (Chatenoud et al., 2010) . Most CNS cancers occur sporadically, outside the context of a familial disorder or multisystemic syndrome. However, a certain percentage occurs in children who have a recognizable risk of CNS malignancy. Such cases are important for several reasons. From a research perspective, understanding risk factors for cancer brings us all closer to understanding its underlying cause or causes. In those cases where there is familial clustering, chromosomal alterations that are common to cases but not unaffected relatives lead to an improved understanding of the genetics behind neoplastic disease (Bondy et al., 1994) . Perhaps first and foremost from a clinical perspective is that children and youths with a known risk of CNS malignancy may be more likely to be diagnosed earlier in the course of their disease, potentially leading to earlier treatment and, thereby, enhanced outcomes. Even outside of the potential for earlier diagnosis and treatment, in certain syndromes, the cancer itself behaves differently, sometimes tending toward better, and at other times, worse outcomes. Moreover, whereas most CNS malignancies are intracranial, with cancers primarily involving the spine much less common (Koeller et al., 2000) , extracranial tumours are much more common in certain syndromes. Another reason such malignancies are important is that syndrome-affiliated malignancies often may be multiple, sometimes involving several different tumours of the same tissue type or within the same body system; and sometimes involving malignancies ranging across different histological types and tissues. And, finally, patients who have CNS malignancies that occur within the context of some greater syndrome often have health problems beyond that of the malignancy, some of which may be as problematic. This chapter reviews CNS cancers that occur within a broad range of clinical syndromes, starting with what some consider the prototype CNS tumour syndromesneurofibromatosis, types I and II. In the next section, other skin conditions that, along with neurofibromatosis, are collectively known as the phakomatoses, will be examined. These additional syndromes include disorders like tuberous sclerosis, Von Hippel-Lindau Disease and basal cell nevus syndrome. Then, other familial disorders like Li-Fraumeni syndrome, a congenital condition linked to germ-line mutations of the p53 tumour suppressor gene, and familial polyposis disorders, like Turcot syndrome, will be examined. To conclude, the author's own findings regarding the associations between CNS tumours and dyschondroplasia syndromes, in particular Ollier's disease and Maffucci's syndrome, will be discussed. This discussion will focus primarily on recognizing and diagnosing both the syndrome and the tumour; and, where appropriate, on differences in the management and prognosis of such patients, relative to those who present with the same tumour alone.
Phakomatosis syndromes
The phakomatoses are characterized by the presence of pathological lesions involving the skin, eyes and central and peripheral nervous system (CNS) (Korf, 2005) , all tissues of ectodermal origin. The phakamotoses otherwise share the features of being autosomal dominant, with variable expression, but high penetrance; and all involving mutations of a tumour suppressor gene. Initially conceptualized by the ophthalmologist van der Hoeve in the early nineteenth century(Van der Hoeve, 1920), they were assumed to primarily consist of three disorders: neurofibromatosis, tuberous sclerosis, and what we now know as von Hippel-Lindau syndrome. Over time, each of these three disease labels has been recognized as a collective term for multiple disorders; for example, as will be described in the next section, neurofibromatosis is not one disease, but a collection of quite distinct diseases. On occasion, two distinct phakomatosis syndromes (for example, neurofibromatosis and tuberous sclerosis) have been described in the same patient (Alaraj et al., 2007) ; but this is Neurofibromas; Skeletal lesions -like sphenoid wing dysplasia and thinning of long bone cortices; Optic gliomas; and in increased Risk of other CNS and systemic tumours. The disorder is diagnosed using National Institutes of Health (NIH) Consensus Criteria for the Diagnosis of NF-1 .
A diagnosis of NF-1 requires that at least TWO of the following be documented within a given patient:  SIX or more café au lait spots with a maximum diameter  > 5 mm in pre-pubertal patients  > 15 mm in post-pubertal patients  TWO or more neurofibromas of any type, or one plexiform neurofibroma  Freckling in the axillary or inguinal areas  An optic glioma  TWO or more Lisch nodules  A characteristic skeletal lesion, like  Sphenoid wing dysplasia  Thinning of long bone cortex, with or without pseudoarthrosis  A first-degree relative (i.e., parent, sibling, or child) with confirmed NF-1 Table 2 . National Institutes of Health (NIH) Consensus Criteria for the Diagnosis of NF-1
The requirement for no fewer than two of these findings means that NF-1 often only is confirmed after some passage of time, since certain features, like Lisch nodules, may not be present in infancy. Consequently, only about half (54%) of children meet the diagnostic criteria for NF-1 by the age of one year. This number rises to 90% by 7 years; and virtually 100% of cases are diagnosed by 20 years old (DeBella et al., 2000) . The Committee on Genetics of the American Academy of Pediatrics has published guidelines for the baseline/screening and follow-up evaluations of confirmed or presumed NF-1(Hersh and American Academy of Pediatrics Committee on Genetics, 2008).

An annual physical examination, including thorough skin and neurological exams  Annual eye exams  Magnetic resonance imaging (MRI) of the head for  Children diagnosed BEFORE age 5  Children with NEW neurological deficits, vision loss or endocrinopathy  MRI of the spine and plain X-rays for  Children with scoliosis  Children with back pain, radiculopathy, or long tract signs referable to the spine  Neuropsychological and developmental testing for  Children with learning, speech or social difficulties OR impaired motor skills  Genetic counselling for the family  At diagnosis and as needed, on an ongoing basis. Table 3 . Published Committee on Genetics of the American Academy of Pediatrics guidelines for the baseline/screening and follow-up of confirmed or presumed NF-1
Roughly 5% of NF-1 cases are segmental, in that they involve only segments of the body (Sezer et al., 2006) . Such cases usually are the result of mosaicism, with mutations in the NF-1 gene occurring AFTER fertilization, within the developing embryo (Morais et al., 2010) . Such mutations are not necessarily transmissible. For example, if gonadal progenitors are spared, the transmission risk is virtually zero. If, on the other hand, gonadal progenitors are affected, the risk of transmission to the next generation ranges from near zero to 50%, depending upon the percentage of gonadal cells involved. Phenotypically, one not atypical presentation of segmental NF-1 is café au lait spots affecting one limb or one side of the body and Lisch nodules in the ipsilateral eye (Morais et al., 2010; Mansur et al., 2011) ; others have been described with multiple localized cutaneous neurofibromas in the absence of all other sequelae (Arfan-ul-Bari, 2003) . Serious sequelae, like malignancy, have been reported, but appear to be rare (Dang and Cohen, 2010) .
Neurofibromatosis type 2
Neurofibromatosis type 2 (NF-2) is much less common than NF-1, with a prevalence that has been estimated as roughly one in 25,000 to 50,000 (Ferner, 2010; Evans et al., 2010; Ferner et al., 2007) . Although it shares the same name, it is entirely different than NF-1, in terms of the underlying cause, its presentation, its characteristic lesion, and its course (Baser et al., 2003; Bance and Ramsden, 1999) . Typically, NF-2 is caused by a mutation affecting chromosome 22q12 and the gene product merlin (a moesin-, erzin-, and radixin-like protein), which sometimes is called schwannomin.
Merlin encodes for a polypeptide that may affect cell growth and motility; more interesting, in terms of its presence in NF-2, is that it is a tumour inhibitor that often is absent in brain tumours (Evans, 1999; Fontaine et al., 1991b; Fontaine et al., 1991a) . In addition, the same chromosomal abnormality is found in spontaneous spinal schwannomas, which suggests that a single location causes Schwann cell tumour growth (Jacoby et al., 1999) . Clinically, NF-2 is a combination of features that always entails at least one eighth cranial nerve (CN-VIII) neurilemoma, in addition to a variety of other tumours (e.g., neurofibromas, meningiomas, gliomas, neurilemomas), juvenile posterior sub-capsular cataracts, and occasional other lesions, like café au lait spots. Like NF-1, it is diagnosed using NIH Consensus Criteria, initially proposed in 1988 (Neurofibromatosis Conference Statement, 1988) , but modified in 1997 (Gutmann et al., 1997) . To meet these most recent criteria, for either definite or presumptive NF-2, a person must have:
The patient has bilateral CN VIII Schwannomas on MRI or CT scan (no biopsy necessary)  The patient has a first-degree relative with NF2 AND personally has either unilateral early-onset (age <30 years) CN VIII Schwannoma or any 2 of the following:
Juvenile posterior subcapsular lenticular opacity (juvenile cortical cataract)  Presumptive diagnosis of NF2  The patient has early-onset (age <30 years) unilateral CN VIII Schwannomas detected on MRI or CT scan; AND one of the following:
Juvenile posterior subcapsular lenticular opacity  The patient has >2 meningiomas and a unilateral CN VIII Schwannoma, OR one of the following:
Juvenile posterior subcapsular lenticular opacity Table 4 . Modified NIH Consensus Criteria for Neurofibromatosis type 2
As for NF-1, the diagnosis of NF-2 may be suspected for some time before being confirmed, given that cranial nerve VIII (acoustic) Schwannomas may present unilaterally, with the other side only becoming affected considerably later. It has been estimated, for example, that roughly 10% of individuals presenting with a unilateral acoustic Schwannoma ultimately will be diagnosed as having NF-2, a percentage high enough to warrant concern, but too low to allow for any sort of prediction . Similarly, juvenile cortical cataracts may antedate the confirmation of any other lesion(s). In fact, the somewhat elusive nature of both NF-1 and NF-2 (given that lesions may be small and subclinical, and/or family histories unobtainable) make it somewhat difficult to estimate the true prevalence of these disorders. What is clear is that the presentation especially of a young patient with any of the lesions described in the preceding paragraphs warrants somewhat heightened vigilance. Consequently, also as for NF-1, the Committee on Genetics of the American Academy of Pediatrics has published guidelines for the baseline screening and follow-up evaluations of confirmed or presumed NF-2, which include:
MRI of head and spine  Genetic counselling for the family, at diagnosis and as needed, on an ongoing basis. Table 5 . Committee on Genetics of the American Academy of Pediatrics guidelines for the baseline/screening and follow-up of confirmed or presumed NF-2
Finally, as for NF-1, NF-2 might present in a segmental form, though it is less well defined, and whether or not it truly exists remains somewhat controversial. Segmental NF-2 has been defined as multiple discrete neurilemomas in peripheral nerves within an extremity without any central features of NF-2. In general, segmental forms of NF-1 and, especially, NF-2 are less problematic than systemic disease, including fewer of the associated features (Hager et al., 1997) . This said, some cases of segmental NF-1 can be extremely disfiguring, and malignancies have been reported (Dang and Cohen, 2010) .
Neurological manifestations of NF-1 AND NF-2
All forms of neurofibromatosis, and especially neurofibromatosis type 1, are associated with numerous non-neurological, as well as neurological signs and symptoms. But it is beyond the scope of this chapter to discuss these, as they have been well described elsewhere (Hersh and Various degrees and forms of intellectual and social impairment are common in those with NF, affecting up to fifty percent of patients (Ferner, 2007; Ferner, 2010; Ferner et al., 2007; Hersh and Huson et al., 1988; Rieley et al., 2011) . Specific abnormalities that have been noted include mental retardation , learning disabilities, and speech disorders (Arun and Gutmann, 2004; Lu-Emerson and Plotkin, 2009a; Rieley et al., 2011; North et al., 1997) . Of these, learning disabilities are the most common, present in roughly one third to one half of patients Denckla et al., 1996) . Mental retardation, once thought to be almost ubiquitous in neurofibromatosis (Crowe et al., 1956) , in fact only affects less than five percent (North et al., 1997) . The etiology of these impairments may be multi-factorial, including seizures; but there is some, albeit conflicting (Hyman et al., 2003) , evidence that cognitive impairment and/or the learning disabilities correlate with focal hyper-intensities that are present on magnetic resonance images(NF1 Cognitive Disorders Task Force., 1997; North et al., 1994; Joy et al., 1995) . These areas of focal hyper-intensity are known as unidentified bright objects.
Unidentified Bright Objects (UBOs)
Of the myriad of neurological lesions that can be seen in patients with NF-1, unidentified bright objects (UBOs) are, by far, the most common lesion seen on MRI (Lopes Ferraz Filho et al., 2008) . They are characterized as foci of increased signal on T2-weighted images in the absence of any mass effect, accompanied by changes on T1-weighted images and contrast enhancement. Their appearance on MR spectroscopy is different than normal brain and neoplasms. What they actually represent remains unknown, however, as well as whether or not they have any clinical relevance. There is some evidence that they correlate with learning disabilities(NF1 Cognitive Disorders Task Force., 1997), but published evidence is conflicting. In general, UBOs are considered benign. Atypical lesions generally are deemed to require further work-up, to rule out some other potentially-relevant lesion; but UBOs typically are merely noted and left alone. Left alone, many UBOs regress spontaneously over time. Lesions that correlate with neurological symptoms and new lesions in older patients require more extensive work-up.
Optic-hypothalamic glioma
Optic-hypothalamic gliomas comprise the second most common imaging abnormality seen in NF-1, being detectable in roughly 15% of NF-1 patients. In 1958, Dodge et al published a classification scheme for these lesions, with lesions allocated to one of three main categories dependent upon the extent of the tumour (Dodge et al., 1958) . In essence, lesions were categorized into those involving just the optic nerve(s), lesions also involving the optic chiasm, and lesions extending all the way into the hypothalamus. These descriptions are expanded somewhat in Table 6 . Vision loss is characteristic of all categories of lesion (Massimi et al., 2007) , but it often only is diagnosed late in younger children, who will not complain of decreased vision until losses are severe. Loss of vision usually progresses slowly, with sudden visual loss reported, but quite uncommon (Valdueza et al., 1995; Giuffré et al., 1982) . Not uncommon signs with optic nerve gliomas are exophthalmos, optic nerve atrophy, painless ocular proptosis, papilledema, nystagmus, strabismus and conjunctival redness (Massimi et al., 2007) . Optic nerve atrophy and/or papilledema, nystagmus and visual field defects are more classic for chiasmic lesions, the visual field defects often incongruous due to the irregular infiltration of the chiasm with tumour.
 Mild thickening of one or both optic nerves  Sometimes is a low-grade glioma  Sometimes is hyperplasia of the optic nerve sheath  Globular thickening of the optic nerves and chiasm  A large mass lesion involving the optic chiasm and hypothalamus Table 6 . Variants of optic-hypothalamic gliomas
Lesions that also involve the hypothalamus generally present with a more complicated clinical picture, that may include hydrocephalus (due to foramina of Monroe obstruction); various endocrinopathies (especially growth hormone deficiency and precocious puberty); diencephalic syndrome, characterized by nystagmus and profound emaciation, despite normal caloric intake, and only subtle deterioration of muscles, level of alertness, and hyperkinesis (Poussaint et al., 1997) ; and other neurological deficits like hemiparesis or ataxia. Management is somewhat controversial, though there is evidence that, though an aggressive lesion in children (often infants) without NF-1, the course is much more indolent in neurofibromatosis (Massimi et al., 2007; Oh et al., 2011) . Newer imaging techniques now allow for the detection of asymptomatic lesions and, among those with NF-1, many lesions progress slowly, if at all. The major difficulty is that, once vision is lost, blindness is irreparable. This is particularly catastrophic in those with bilateral or chiasmic lesions, because the blindness will involve both eyes. Monitoring of optic-hypothalamic gliomas in children who are less than 5 years old is particularly problematic, because they often experience considerable vision loss before anything is detected. However, no firm or universally-accepted guidelines exist for monitoring. Some doctors advise annual MRIs. Meanwhile, others recommend annual neurological and ophthalmological exams, with MRIs limited to those patients who have new symptoms or findings. Treatment is likewise controversial and lacking firm guidelines (Massimi et al., 2007) . Surgery generally is restricted to those patients in whom only a single optic nerve is involved and severe vision loss already exists. It is avoided in patients with bilateral lesions or lesions involving the optic chiasm, because this generally results in total blindness. Radiation usually is effective, but it is not advised in younger children because radiation often causes significant loss of cognitive and endocrine function (Ellenberg et al., 2009; Boman et al., 2009) . It also increases the risk of intracranial malignancies and vasculopathies, like moyamoya disease. Chemotherapy also is often effective, and typically selected for younger children, due to the risk of radiation-induced cognitive deficits mentioned earlier (Massimi et al., 2007) . In general, combination therapy is used, involving two or more drugs. Unfortunately, chemotherapy itself is associated with an increased risk of secondary malignancies, like leukemia.
As stated earlier, those who have optic-hypothalamic gliomas in the context of NF-1 generally have a much more indolent course than those in whom NF-1 does not exist (Massimi et al., 2007; Oh et al., 2011) . This said, the prognosis is quite variable, depending upon the lesion, and may be better than for those with pure optic gliomas (again, in the absence of NF-1).
Gliomas of the cerebral and cerebellar hemispheres
In NF-1, hemispheric and cerebellar gliomas are less common than lesions involving the optic tract (Hottinger and Khakoo, 2009a) . Most are benign or only exhibit low-grade malignant potential; but all grades of malignancy have been reported (Hottinger and Khakoo, 2009a) . They differ in appearance from the UBOs mentioned earlier, in that there generally is a mass effect, and the signal on T1-weighted images is decreased, not increased. Most are resectable. Consequently, management usually starts with surgical excision. If total excision is achieved and the lesion is low-grade, monitoring may be all that is required. Partial excisions usually require adjuvant radiation therapy and/or chemotherapy (Hottinger and Khakoo, 2009a) ; though, as stated earlier in this chapter, radiation generally is avoided or delayed for as long as possible in younger children, especially those who are less than 3 years old, because of the risk of radiation-induced cognitive deficits. Recurrence is managed as for similar lesions in patients without neurofibromatosis.
Brainstem gliomas
Brainstem gliomas comprise a heterogeneous group of lesions, with at least three main subtypes: (1) a diffuse area of brainstem enlargement; (2) focal enhancing nodules with or without cystic areas; and (3) peri-aqueductal gliomas. All subtypes generally have a very indolent course. Most do not require treatment, though MRI monitoring is indicated until their indolent course is confirmed. Some lesions regress on their own (Hottinger and Khakoo, 2009a) . When there is a diffuse area of brainstem enlargement, it is somewhat similar in appearance to UBOs, except that a mass effect usually is evident. Such lesions also typically are quite a bit larger than most UBOs. Like UBOs, they exhibit abnormal signals on T1-weighted images. What the diffuse enlargement represents is controversial. Presumed to be gliomas, they have a more indolent course than brainstem gliomas seen outside of NF-1, such that adjuvant treatment only is required in the minority of patients whose lesions progress. However, ongoing monitoring is required to detect the few who do progress, before neurological deficits ensue, which often are irreversible. Rarely, these gliomas progress to more malignant forms of astrocytoma, including glioblastoma Hottinger and Khakoo, 2009a) . The focal enhancing nodules, with or without cystic areas, generally are thought to represent pilocytic astrocytomas, given their imaging characteristics. Like pilocytic astrocytomas elsewhere, they generally are indolent; but their course is unpredictable and the brainstem so susceptible to major deficits, relative to the cerebral hemispheres, that ongoing monitoring is required. Small, focal intrinsic lesions may enlarge and then regress spontaneously. Exophytic tumours often are more aggressive and require treatment. Periaqueductal gliomas occur adjacent to the aqueduct of Sylvius between the 3 rd and 4 th ventricles in the midbrain. They typically manifest with late-onset aqueductal stenosis, leading to hydrocephalus. Presumably, they represent low-grade gliomas or glial hamartomas, and typically are indolent. However, because of their location, shunting often is necessary. Resection is usually not necessary for any of the brainstem gliomas seen in NF-1 (Hottinger and Khakoo, 2009a; Leonard et al., 2006) .
Neurofibromas
Neurofibromas are one of the hallmark lesions of NF-1, occurring both in paraspinal areas and in peripheral nerves (Ferner, 2010; Hersh and American Academy of Pediatrics Committee on Genetics, 2008; Lu-Emerson and Plotkin, 2009a) . They are histologically distinct from the neurilemomas that are the hallmark of NF-2, being composed of Schwann cells, fibroblasts, mast cells, axons and abundant extracellular matrix, with both myelinated and unmyelinated zones (Lu-Emerson and Plotkin, 2009a) . Neurofibromas within the central nervous system are best visualized by MRI, which can document each lesion's size, pattern of growth, and proximity to adjacent structures, like nerves and other tissues. These tumours may be few in number or seemingly everywhere. They can be small or grow to enormous sizes that may be extremely and tragically disfiguring. Conventional wisdom states that the more cutaneous (external) lesions there are, the fewer lesions there will be in deeper (internal) tissues; but this is not necessarily the case. Neurofibromas can be subdivided in several ways. One way is to subdivide them, according to their pattern of growth, into fusiform and plexiform lesions. Fusiform lesions are discrete lesions that involve a well-circumscribed area of a single nerve. As such, they generally are easy to resect, when necessary or indicated. In contrast, plexiform lesions often are found in nerve trunks and extend over long distances, diffusely invading the nerve tissue (Korf, 1999) . They also are highly vascular and induce diffuse hypertrophy of adjacent connective tissues. Because they are so extensive and invasive, they are virtually impossible to resect without causing major neurological deficits (Hottinger and Khakoo, 2009a; Korf, 1999) . Moreover, though incidence estimates vary, at least two percent of neurofibromatosis patients experience malignant transformation of a neurofibroma into a neurofibrosarcoma (Woodruff, 1999) , and plexiform neurofibromas generally are perceived to be more likely to do this, with a risk as high as ten percent per lesion (Hottinger and Khakoo, 2009a) . Another way to categorize neurofibromas is by their location, into subcutaneous, peripheral nerve, plexus, paraspinal, craniofacial, and visceral lesions. Subcutaneous neurofibromas (NFs) can be fusiform or plexiform (Hottinger and Khakoo, 2009a) . Both types tend to recur after resection. Consequently, resection usually is limited to lesions that are cosmetically intolerable, unacceptably painful, growing rapidly, prone to irritation due to their location (e.g., at the patient's beltline), or undergoing malignant change. Peripheral nerve NFs may be asymptomatic. They can, however, produce symptoms if they irritate the involved nerve, resulting in pain, paresthesias, and/or other neurological dysfunction. As stated above, they tend to be fusiform, rather than plexiform. Hence, resection generally is feasible without producing major neurological deficits if not all the nerve fascicles are involved, by starting at the proximal and distal poles of the tumour and identifying all the fascicles from which the tumour arises. If all the fascicles are involved, en bloc resection often does result in major deficits, so a subtotal resection must be performed. Follow-up of any residual tumour is necessary because approximately 15% undergo malignant transformation. Plexus NFs are plexiform and, consequently, virtually always non-resectable without causing major neurological deficits. Resection generally is limited to tumours with evidence of malignant transformation or those causing intractable severe symptoms from pain or compression of adjacent structures. Many actually run an indolent course and need only be followed. Various chemotherapy protocols are being tested for those with progressive neurological impairment. Paraspinal NFs usually are fusiform or nodular lesions that involve nerve roots as they enter the spinal canal. They occasionally involve multiple nerve roots; there even are reported cases where ALL the nerve roots were found to be involved. Generally, these lesions are slowly progressive, if at all. Monitoring often is all that is required, and there is considerable debate as to whether routine imaging even is needed, versus clinical examination alone (Khong et al., 2003) . However, some do cause progressive spinal encroachment such that surgical resection is indicated (Sarica et al., 2008) . When resection is necessary, various surgical approaches are used, depending on the spinal level and the tumour's relationship to surrounding paraspinal anatomy, to access and resect these tumours (Cherqui et al., 2007) . Craniofacial NFs typically are plexiform lesions that involve peripheral nerves of the face (Greig et al., 2009; Baujat et al., 2006; Visrutaratna et al., 2004; Jacquemin et al., 2003; Park et al., 2002; Jackson, 2001) . Either the tumour itself or surgery to resect it can compromise the facial nerve, leading to facial paralysis and resultant cosmetic deformity. The lesions also can become massive, resulting in horrific cosmetic deformity (Greig et al., 2009; Park et al., 2002) . Many involve the orbit, where they can be extremely invasive and destructive; and sometimes extend intra-cranially (Jacquemin et al., 2003) . Resection of orbital lesions often requires enucleation; consequently, if they are stable, orbital lesions are usually just monitored closely. Finally, visceral NFs tend to be plexiform and, hence, cannot be completely resected. They may occur in almost any tissue (e.g., bladder, the gastrointestinal tract), where symptoms relate to their location and size (Cheng et al., 1999; Kaefer et al., 1997; Hahn et al., 1992) . Malignant transformation is a recognized, long-term risk.
Neurological manifestations of neurofibromatosis type 2

Vestibular neurolemomas
Vestibular neurolemomas are tumours of the eighth cranial nerve (CN-VIII) that occur in roughly 95% of patients with NF-2, often bilaterally (Ferner, 2010; Lu-Emerson and Plotkin, 2009b) . They are diagnostic of NF-2 when bilateral. Typically, these lesions present in late adolescence or adulthood, but they can be seen in children. They should be suspected in any patient with a posterior cataract and multiple spinal cord or peripheral nerve tumours, when in the absence of café au lait spots or Lisch nodules. In such a patient, an MRI of the head clearly is indicated to rule out NF-2. In fact, the cataract could be a red herring; if the MRI shows an optic glioma, NF-1 should be considered. Magnetic resonance imaging is the optimum screening tool for these lesions(Lu-Emerson and Plotkin, 2009b), because it is relatively sensitive at detecting them, even when they are asymptomatic. Symptomatic tumours in childhood suggest a more aggressive course. If a vestibular neurolemoma is, or bilateral neurolemomas are present, regular hearing tests are indicated, because of the risk of progressive bilateral hearing loss. The primary goals of treatment are, first of all, to preserve hearing, recognizing that unilateral disease may become bilateral later on; and second, to prevent brainstem dysfunction or frank damage secondary to compression by tumour. However, the best way to achieve these two objectives remains both unproven and controversial. Significant brainstem compression is an indication for immediate surgical resection, despite the risk of lost hearing. However, if the tumour is small and not compressing the brainstem, opinions vary. Some recommend early surgery to remove tumours while small, lowering the risk of post-operative hearing loss; but the course of these tumours is variable. Hence, others recommend a wait-and-see approach, delaying surgery for as long as possible. The risk of this latter approach is that en bloc surgery ultimately may be necessary, ensuring deafness in that ear, and placing the adjacent facial nerve (CN-VII) at risk. Stereotactic surgery MAY reduce the risk of deafness; and, if deafness occurs, it tends to be delayed one to two years, allowing for the patient to learn sign language and/or lip reading. However, the benefits of this approach over others remain unproven. Another approach is partial (sub-capsular) resection, leaving some residual tumour adherent to the auditory and facial nerves to reduce the risk of injury to both; however, residual tumour may grow and become problematic at some later date. Especially in those with bilateral lesions, learning sign language or how to lip read ultimately may prove beneficial. And the placement of a cochlear or auditory brainstem implant may preserve some hearing, even in those who have undergone bilateral resections.
Intracranial meningiomas
Intracranial meningiomas are found in approximately 50% of patients with NF-2(LuEmerson and Plotkin, 2009b). They can occur singly, but commonly there are multiple lesions in a given patient with NF-2. They also often occur along with one or more nonauditory cranial nerve neurolemomas. They tend to be more aggressive in children versus adults with NF-2. As with non-auditory cranial nerve neurolemomas, because they often are multiple, it is not unusual for surgery to be deferred.
Meningioangiomatosis
Meningioangiomatosis is a rare, benign, focal lesion of the leptomeninges and underlying cerebral cortex, which is characterized by leptomeningeal and meningovascular proliferation (Omeis et al., 2006; Deb et al., 2006) . Histologically, it appears as hamartomatous proliferation of capillary-sized vessels, meningothelial cells, and fibroblasts within cerebral cortex. It may occur in either the presence or absence of an adjacent meningioma. Though sporadic cases have been reported, meningioangiomatosis most often occurs in patients with NF-2. As with most neurofibromatosis lesions, they can be multifocal, especially in NF-2. Though histologically benign, they can produce seizures (Jallo et al., 2005) , though this is more common in sporadic than in NF-2 cases (Omeis et al., 2006) . In cases of intractable seizures, resection is indicated (Jallo et al., 2005) . At least one case of sudden death, presumably secondary to a fatal seizure, has been reported involving a previously-asymptomatic 13-year old boy (Wixom et al., 2005) .
Non-vestibular cranial nerve neurolemomas
Non-vestibular cranial nerve neurolemomas are found in more than 30% of NF-2 patients. Like auditory neurilemomas, they usually are benign, but their course is more unpredictable. Some grow very slowly, if at all, and cause no problems. Others grow rapidly and are quite problematic, both due to damage of the involved nerve and because of their mass effect. And, on occasion, malignant transformation of a non-vestibular neurolemoma has been reported (Hanada et al., 1982) . Because they often are multifocal, surgery usually is deferred unless they are unacceptably symptomatic, endangering function, or growing rapidly.
Intraparenchymal gliomas
As a rule, spinal lesions are more common in NF-2 than in NF1, while brain lesions are less common in NF-2 than NF-1. And ependymomas are the most common malignancy in NF-2, versus astrocytomas in NF-1 (Lu-Emerson and Plotkin, 2009a; Hottinger and Khakoo, 2009a; Lu-Emerson and Plotkin, 2009b) . As opposed to astrocytomas, which rapidly invade surrounding neural tissue, sending multiple tumour fronds in all directions, ependymomas usually are well-circumscribed, and therefore often quite resectable. Their surgical and postoperative management (like the use of adjuvant therapy) is the same as for intramedullary spinal tumours in patients without neurofibromatosis.
Extracranial neurilemomas and meningiomas
Benign intraspinal tumours of the nerve sheath or meningeal cells are more common in NF-2 than in the general population, though still rare. In NF-2, however, they often are multiple, occurring at many different spine levels. As they are when they are intra-cranial, both neurilemomas and meningiomas are well-circumscribed tumours that displace, rather than invade adjacent tissues; and most grow slowly (Lu-Emerson and Plotkin, 2009b; Zhang et al., 2007) . They also can occlude up to 90% of the spinal canal before neurological deficits occur. Hence, most remain asymptomatic for years. However, once deficits start to appear, minimal growth can cause significant reductions in function. Surgical outcomes generally are better if such tumours are removed before neurological dysfunction is detected. Management, therefore, consists of close monitoring with repeat neurological exams and MRI; and surgical resection before neurological function starts to deteriorate. Sometimes, they must be removed because of intractable, unacceptable pain. Because they generally involve a single nerve fascicle, they often can be resected without significant neurological deterioration, if any at all (Lu-Emerson and Plotkin, 2009b; Zhang et al., 2007) .
Neurofibromas
In NF-2, neurofibromas are much as they are in NF-1, except that they are much less common (Lu-Emerson and Plotkin, 2009b) . Because many neurofibromas, especially plexiform lesions, are not as well-encapsulated as neurilemomas, they are more problematic, and more difficult to resect. Consequently, surgical outcomes generally are worse than for neurilemomas.
Summary: Neurofibromatosis
Neurofibromatosis is a collection of disorders, which can be systemic or segmental. Systemic neurofibromatosis types 1 and 2 are the most common and best recognized syndromes, though segmental and overlap syndromes exist. Both NF-1 and NF-2 are autosomal dominant, but spontaneous mutations are not uncommon, and there is tremendous phenotypic variability even within a given family or between twins. Type 1 is at least ten times as common as type 2 disease, with all other types less common still. The two classic forms of neurofibromatosis, NF-1 and NF-2, are very different. Whereas the characteristic lesion of NF-1 is a neurofibroma, the characteristic lesion of NF-2 is a neurilemoma, which involves either one or both auditory nerves (CN-VIII) in 95% of cases. Both NF-1 and NF-2 are associated with numerous other CNS and peripheral nervous system tumours. These are summarized in Table 7 . Lesions classically associated with neurofibromatosis types 1 and 2
Both NF-1 and NF-2 are diagnosed using published diagnostic criteria that, like the syndromes themselves, are highly different from one another. The diagnostic process requires patient and family histories, detailed physical examinations (especially dermatological and neurological), and imaging studies (especially MRI). The course of many tumours and of the disease itself is often hard to predict. Most tumours are slow-growing and relatively indolent, but many have the potential to undergo malignant change and others may cause neurological impairment, either by compression or invasion. Especially in NF-1, neurofibromas can be tragically disfiguring. Management of the neurofibromatosis syndromes includes regular close monitoring; genetic counselling of families; and surgery, which typically is deferred until absolutely necessary. Surgical outcomes generally are better with NF-2 than with NF-1.
Tuberous sclerosis (Bourneville's disease)
Tuberous sclerosis, which also is called tuberous sclerosis complex (TSC) and Bourneville's disease, is the second most common phakomatosis syndrome, after neurofibromatosis type 1. It affects anywhere from one in 6000 to one in 30,000 people (Osborne et al., 1991; Hong et al., 2009; Morrison, 2009) , with marked variations in penetrance rendering all estimates somewhat unreliable.
Like neurofibromatosis, it initially was described by von Recklinghausen, in 1862; however, it is named after a French physician, Désiré-Magloire Bourneville, who coined the term 'sclerose tubereuse' in 1880, likening the cerebral lesions he detected at autopsy to small potatoes. The physical manifestations of tuberous sclerosis largely are due to the formation of hamartia (malformed tissue, like cortical tubers), hamartomas (like facial angiofibroma and subependymal nodules) and, very rarely, cancerous hamartoblastomas. The effect of these various lesions on the brain includes various neurological symptoms, such as seizures, developmental delay, and behavioural problems. The initially-described triad of features was epilepsy, low intelligence, and skin lesions, though the condition is now recognized to involve numerous other organ systems, as well, including the kidneys, lungs, heart and eyes. And many cases of 'low intelligence' have since been recognized as learning disabilities, autism, and pervasive development disorders, rather than low intelligence, per se (Ridler et al., 2006; Harrison and Bolton, 1997) . Tuberous sclerosis (TS) is autosomal dominant, but up to 60% of cases arise from spontaneous mutations (Orlova and Crino, 2010; Osborne et al., 1991; Morrison, 2009 ). Two tumour-suppressor genes, TSC-1 (tuberous sclerosis complex-1) and TSC-2, are responsible for TS. Roughly 80-90% of mutations involve TSC-2, while just 10-20% of mutations involve TSC-1 (Orlova and Crino, 2010) . The genetic locus for TSC-1 is chromosome 9q34, and the TSC-1 gene product is called hamartin. The genetic locus for TSC-2 is chromosome 16p13.3, and the TSC-2 gene product is called tuberin. Both hamartin and tuberin appear to have roles in cell differentiation, proliferation and migration. The disorder effects cellular differentiation, proliferation and migration during early development, leading to various diffuse hamartomas and neoplastic lesions affecting virtually every body organ (Grajkowska et al., 2010; Orlova and Crino, 2010) . It can present at any age, but most commonly appears during childhood, especially late childhood.
Non-neurological involvement in tuberous sclerosis
A broad spectrum of skin lesions are associated with tuberous sclerosis, with skin lesions the most common and recognizable feature of this syndrome. They include ash-leaf spots; facial angiofibromas; lumbosacral angiofibromas (Shagreen patches); café au lait spots; periungual fibromas (Koenen tumours); forehead plaques; skin tags (molluscum fibrosum pendulum); confetti macules; and poliosis, with ash-leaf spots the most characteristic lesion, seen in 5% of the general population, but 97% of TS patients. The ash-leaf spot is a hypomelanotic macule, of variable size but up to several inches in length, which is found on the trunk and/or the buttocks. It is recognized by the axis of the leaf, which tends to line up perpendicular to the axis of the spine. This usually is the only sign of TS that is visible at birth. Because they are characterized by decreased pigmentation, a Wood's lamp may be required to see ash-leaf spots in fair-skinned individuals. Facial angiofibromas, also called adenoma sebaceum, are reddish macules or papules, though they may appear dark brown in darker-skinned individuals. Classically, they are clustered around the nose and cheeks in a butterfly distribution, and may be mistaken for acne, especially in teenagers, except that they do not contain purulent material and, hence, cannot be drained. Histologically, they consist of blood vessels and fibrous tissue. Because they can be cosmetically displeasing, they can be removed either by dermabrasion or laser treatments (Verma et al., 2001 ).
Lumbosacral angiofibromas also are called shagreen patches. These are areas of thick leathery skin that are dimpled like an orange peel, usually found on the lower back or nape of the neck. They, like ash-leaf spots, are of variable size, but can be quite sizeable. Café au lait spots are as previously described for neurofibromatosis. Periungual fibromas (Koenen tumours) are very rare in childhood, but common by middle age. They are small, fleshy tumours that grow around and under the toenails and/or fingernails. They sometimes need to be surgically removed if they enlarge or cause bleeding. Forehead plaques are as they sound: raised, discoloured areas on the forehead. Skin tags (molluscum fibrosum pendulum) are very non-specific, commonly seen in healthy individuals. Confetti macules are clusters of small, punctate, hypopigmented macules that look like confetti (hence, the name). They are fairly specific for TS, commonly found symmetrically on the limbs. Poliosis is a tuft or patch of white hair on the patient's scalp or eyelids, and patients may have several. Intraventricular rhabdomyomas are the most common cardiac manifestation of tuberous sclerosis. These are benign tumours of striated muscle that, in TS, may be multiple. In fact, multiple tumours affecting multiple chambers are common, though most are found within the ventricles. They are detectable by echocardiography in roughly 50% of TS patients. However, their incidence ranges from up to 90% in newborns to as low as 20% in adults. They generally grow during the second half of pregnancy and regress after birth. Many disappear entirely. Alternatively, tumour size may remain constant as the heart grows, with much the same effect. Most remain asymptomatic, detected on peri-natal ultrasound after 20 weeks of gestation, and never become clinically manifest. Some produce a murmur. Potential problems include obstruction of blood flow if the tumour impedes proper valve opening; and arrhythmia. However, most cardiac complications occur before the child reaches one year old. Why they are clinically important is that this rare tumour is a strong indicator of TS in a child, especially if there is a positive family history of TS. Kidney involvement is the second most common cause of morbidity and mortality in TS, after neurological disease. It is the most common cause of death in patients who are greater than 30 years old. A host of renal lesions exist, which include angiomyolipomas, renal cysts, renal cell carcinomas, and oncocytomas. Renal cell carcinomas are rare, relative to anygiomyolipomas and cysts, but still affect up to 3% of patients, making them considerably more common in TS patients than in the general population. Oncocytomas are a benign adenomatous hamartoma that are even more uncommon. Conversely, angiomyolipomas are indentified in 60 to 80% of TS patients. They usually are benign; but they also usually are multiple and bilateral and frequently cause haematuria. Histologically, they are composed of vascular tissue, smooth muscle, and fat. And, although benign, a lesion larger than 4 cm in diameter is at risk for a potentially catastrophic haemorrhage, either spontaneously or with minimal trauma. These lesions are not exclusive to TS, being found in about 1 in 300 people without TS. However, lesions in non-TS patients usually are solitary. Renal cysts can be identified in between 20 and 30% of TS patients, but they usually cause few if any problems. Having said this, 2% of TS have autosomal dominant polycystic kidney disease which commonly leads to renal failure. Lung involvement in tuberous sclerosis usually affects women in their third and fourth decades of life, implicating some hormonal influence. The classic lesion is lymphangioleiomyomatosis (LAM), which is progressive replacement of the lung parenchyma with multiple cysts, generally measuring 2-20 mm in diameter, with equal involvement of all lobes. These cysts are formed by hyperplastic smooth muscle. Recent genetic analysis suggests that this proliferative bronchiolar smooth muscle represents monoclonal metastases from a coexisting renal angiomyolipoma. There have been cases of TSC-related LAM recurring following lung transplantation, confirming the concept of an 'external' source. The prevalence of LAM in patients with TS is roughly 1-5%, making it vastly more common than the one per million prevalence observed in the general population. Nonetheless, it often is misdiagnosed as asthma, emphysema, or some other pulmonary disease. Plain radiographs reveal the superimposition of cysts, producing the reticulonodular pattern typical of interstitial lung disease. High-resolution CT is more specific for the diagnosis, and better at assessing the degree of pulmonary involvement. Prognostically, LAM is slowly progressive. It also, interestingly, tends to be associated with less severe TS, accompanied by less intellectual impairment and fewer seizures. Roughly 90% of patients with LAM remain alive 15 to 20 years after diagnosis. Retinal phakomas, gray or yellow retinal plaques that may be single or multiple, are the classic ocular lesion seen in TS, being present in up to 87% of patients. They rarely affect vision and, hence, usually do not warrant any treatment.
Neurologic involvement in tuberous sclerosis
Neurological involvement is the most common cause of morbidity and mortality from TS, and the most common cause of death in patients under 30 years old. Problems stem from a broad variety of intra-cerebral tumours, which include cortical tubers, subependymal nodules, and subependymal giant cell astrocytomas (SEGA). Cortical tubers can be identified in more than 80% of patients. Recall that they are what Bourneville first described, and the reason behind the disease's name. They are formed from aberrant neuronal migration during the development of the cerebral cortices, and primarily affect the frontal and parietal lobes. Although non-malignant, they are problematic, because they may result in life-long, intractable seizures. Unfortunately, resection of these tumours often does NOT lead to any major reduction in seizures, though large tumours may need to be resected due to their mass effect. Subependymal nodules are the hallmark lesion for TS on computed tomography (CT) scans. They may be either calcified or non-calcified, and may number from one to as many as 20 lesions. Some have described their appearance on CT as looking like the drippings of a candle. They are composed of abnormal, swollen glial cells and bizarre multinucleated cells that are indeterminate, in terms of glial versus neuronal origin. There is no interposed neural tissue. These nodules have a tendency to calcify as the patient ages. More ominously, any nodule that markedly enhances and enlarges over time should be considered suspicious for transformation into a subependymal giant cell astrocytoma (SEGA). Subependymal giant cell astrocytomas (SEGA) develop in between 5 and 15% of TS patients (Goh et al., 2004) , typically developing in the region of the foramen of Monro, where they frequently cause obstructive hydrocephalus. Though they are slow-growing and rarely undergo malignant transformation, these tumours are problematic because of their location and relative inaccessibility for resection. Problems related to the various neurological lesions of TS include intractable seizures, which ultimately present in 97% of patients with cortical tubers and in 75% of patients with cortical tubers before one year old. Various forms of intellectual, social and behavioural impairment are other sequelae of these tumours, including autism in roughly 20 to 60%, learning disabilities in about 50%, and mental retardation and self-mutilation, both in roughly 10%. These effects often are progressive; in fact, many neonates are neurologically normal. These CNS lesions are diagnosed by various imaging techniques, including CT, CT with contrast, and MRI. Gadolinium-enhanced MRI is the most sensitive radiographic study. Electroencephalograms (EEG) are useful to document and identify the foci of seizures. The diagnosis of tuberous sclerosis as a syndrome, however, is made using published criteria that include a wide range of both major and minor criteria (Roaches et al., 1998) . Management essentially consists of monitoring and supportive measures. Magnetic resonance imaging of the head every 1-2 years is indicated to assess for tumour growth, mass effects, and impending outflow obstruction. Anti-epileptic drugs are used to control seizures, since the resection of tumours is difficult, dangerous and of uncertain benefit; surgery to control seizures rarely results in complete seizure resolution. Surgery may be performed to relieve increased intracranial pressure and focal deficits from tumours, and hydrocephalus from obstruction, primarily at the foramen of Munro. Complete resection of intra-ventricular tumours often is difficult, if not impossible, because of their origins in the caudate nucleus and septum pellucidum. Also, though relatively avascular, the tumours invade surrounding tissue and can be quite large. Finally, incomplete resection risks tumour re-growth. Recently, rapamycin has demonstrated some promise for SEGA in patients with tuberous sclerosis (Franz et al., 2006) . Overall, however, the long-term prognosis is poor. The rate of mortality is increased relative to age-matched population, with the #1 cause of death being renal disease, and the #1 cause of morbidity CNS disease, primarily related to seizures, cognitive impairment, and SEGA-induced obstructive hydrocephalus.
Von Hippel-Lindau disease
With angiomas in the eye first described by the German ophthalmologist Eugen Von Hippel in 1904, and the association between these retinal with CNS tumours first noted by the Swedish pathologist Arvid Lindau in 1927, the disease that Lindau first called 'angiomatosis of the central nervous system', and which for years was known just as Lindau syndrome, is now named for both men. Also known as retinocerebellar angiomatosis, its incidence has been estimated as roughly 1 in 31-36,000 live births (Hottinger and Khakoo, 2009b) , though it is not usually manifested in infancy. The average age at first presentation is 26 years, and the average age at diagnosis 31 years (Hottinger and Khakoo, 2009b) . Nonetheless, paediatric cases are not uncommon, and certainly seen by the paediatric neurosurgeon as a challenging disorder to treat. Von Hippel-Lindau disease is autosomal dominant, with 97-99% of cases familial and only 1-3% occurring as a result of spontaneous mutations. It is associated with inactivation of the tumour-suppressor gene VHL (Von Hippel Lindau), which is found on chromosome 3p25 (Hottinger and Khakoo, 2009b; Seizinger et al., 1988) . Decreased levels of the VHL protein, which is important in a critical pathway helping cells to adapt to hypoxic stress, lead to over-expression of a hypoxia-inducible transcription factor (HIF-1) which, in turn, results in increased cell proliferation, and the over-expression of several growth factors, ultimately manifesting as multiple, multi-systemic benign and malignant tumours, which sometimes are bilateral (e.g., both eyes) (Glasker, 2005) . These tumours include haemangioblastomas of the cerebellum, spine, brainstem and retina (the most common tumour identified); renal clear cell carcinomas; pheochromocytomas; pancreatic and renal cysts; endolymphatic sac tumours (ELSTs, of the petrous bone at the cerebellopontine angle) (Hassard et al., 1984) ; papillary cystadenomas of the epididymus or broad ligament; and haemanigiomas of the adrenal glands, liver and lungs. The diagnosis is made on clinical grounds using established, published criteria:
 Two or more haemangioblastomas; OR  One haemangioblastoma PLUS some visceral lesion, like pheochromocytoma, pancreatic or renal cyst, or renal cell carcinoma; OR  One retinal or CNS haemangioblastomas or some other visceral lesion PLUS a positive family history of CNS or visceral manifestations of the disease. Table 9 . Classification criteria for Von Hippel-Lindau disease
The disease is subdivided into various clinical subtypes, based upon genotype-phenotype correlations within families, with type 1 families having pheochromocytomas, and three sub-classes of type 2 disease, all lacking pheochromocytomas but a familial risk of other tumour typess: type 2a, with a low familial risk of renal cell carcinoma and pancreatic tumours; type 2b, with a high familial risk of renal cell carcinoma and pancreatic tumours; and type 2c, with a high familial risk of isolated pheochromocytomas (Ong et al., 2007) Central nervous system manifestations are highly prevalent (Butman et al., 2008; Richard et al., 1998) , with CNS haemangioblastomas occurring in 60 to 80% of patients. Moreover, they are more likely to be multiple and present at an earlier age than when they occur sporadically, being a presenting feature in roughly 60% of VHL patients (Wanebo et al., 2003) . These lesions may occur anywhere along the cranioaxial axis, but only 1% of these tumours are supratentorial (Wanebo et al., 2003) . The site of lesion determines the symptoms with which the patient presents. The cerebellum and brainstem are the most common sites of haemangioblastomas in VHL syndrome (Wanebo et al., 2003) , where patients present with headaches, vomiting, lethargy, dysmetria, ataxia, papilloedema, polycythemia from tumour production of erythropoietin, and/or enlarging cysts that may cause brainstem compression (solid tumours generally do not cause such compression in VHL syndrome). Conversely, spinal haemangioblastomas present with neck, chest and back pain, sensory losses, and various signs and symptoms of cord compression depending upon tumour location. Patients with cervical haemangioblastomas typically present with neck pain, signs and symptoms of cord compression and, sometimes, severe infratentorial and supratentorial subarachnoid haemorrhage. Finally, retinal haemangioblastomas present with vision loss secondary to haemorrhage, exudation, and retinal detachment. Haemangioblastomas typically are cystic, and, thus, enhance with contrast. Contrastenhanced T1-weighted MRI is largely considered the diagnostic test of choice to detect and monitor CNS lesions. The optimum treatment of CNS haemangioblastomas is complete surgical excision, whenever possible, since residual tumour may cause severe bleeding (Schimke et al., 2009) . Pre-surgical endovascular embolization may reduce operative complications and morbidity; while small asymptomatic lesions may be monitored with repeat MRIs. Alternative treatments have been developed that include gamma knife radiosurgery (Wang et al., 2005; Tago et al., 2005) , which seems to be effective for small to medium-sized nodular, but not cystic lesions, which bleed. Linear-accelerator (LINAC)-based cranial stereotactic radiation therapy also has proven effective with some tumours. And multiple agents that target gene products downstream from pVHL and HIF-1, like platelet-derived growth factor (PDGF), have recently become available and are being tested (Hottinger and Khakoo, 2009b) . Despite all these surgical advances, and the fact that haemangioblastomas are considered 'benign', the average patient succumbs in their fifth decade of life (Niemela et al., 1999) , with the main causes of mortality being metastatic renal cell carcinoma and cerebellar haemangioblastomas (Hes et al., 2001; Niemela et al., 1999) .
Basal cell nevus syndrome (Gorlin-Goltz syndrome)
As with almost all the disorders described so far in this chapter, basal cell nevus syndrome (BCNS) is autosomal dominant, the offending gene, called PTCH1, localized to chromosome 9q31 in about 85% of cases. The PTCH1 gene product is a trans-membrane receptor that binds to and regulates a protein called Sonic the hedgehog homolog (SHH), one of three proteins in the mammalian signalling pathway family called 'hedgehog', and one which plays a key role in the regulation of organ development in vertebrates, including the growth of fingers and toes and the organization of the central nervous system. It also controls cell division in adult stem cells and has been implicated in oncogenesis. Mutations in the PTCH1 gene result in uncontrolled SHH activation (Thayer et al., 2003) . This rare condition, which affects roughly one in 50 to 60 thousand live births (Hottinger and Khakoo, 2009b) , is characterized by multiple basal cell cancers, often presenting in adolescence. Despite the relatively innocuous-sounding name, there is a wide range of non-neurological manifestations, as listed in Table 10 , including numerous other benign and malignant tumours, both non-CNS and CNS, including melanomas, leukaemia, lymphoma, lung and breast cancers, medulloblastoma and meningiomas (Shanley et al., 1994) . Odontogenic keratocysts (jaw cysts) are often the first sign of the syndrome, commonly becoming manifest early in childhood. These are cysts lined with keratinized epithelium that originate in dental lamina and locally erode all the way to the teeth, to cause dental displacement and loss, if they are not completely excised. Medulloblastomas are the most common CNS tumour, and they too present early, in roughly 3 to 5% of children with BCNS (Evans et al., 1991) . The medulloblastomas seen in BCNS tend to occur earlier than in sporadic cases and often are histologically distinct from classic medulloblastomas, being defined by the presence of several prominent nodules, or 'pale islands', of tumour. These areas are of lower cellularity, which are reticulin-free, exhibit nuclear uniformity and are in a background of collagen-rich, highly-proliferative tumour. Desmoplastic medulloblastomas also tend to be more discrete than the classic variety and often are located in the cerebellar hemispheres. Given their location in the posterior fossa and the fact that they can become quite large, hydrocephalus is a common complication of medulloblastomas in BCNS, and may be a presenting sign. Like virtually all the familial cancer syndromes, basal cell nevus syndrome is diagnosed using diagnostic criteria. More advanced imaging, like MRI or CT, is necessary for CNS tumours. Again, jaw and other bone cysts plus medulloblastomas may present before nevi on the skin, so the absence of nevi does not rule out the condition. Interestingly, a recentlydiagnosed 10-year old child was found to have café au lait spots (Balasundrum et al., 2010) , emphasizing the considerable phenotypic variability evident in virtually all of the phakomatosis syndromes (Hottinger and Khakoo, 2009b) . The diagnostic criteria are summarized in Table 11 (Amlashi et al., 2003) . Treatment of BCNS is largely supportive and as for others with similar tumours, of the CNS and elsewhere. However, it is complicated by current failures to accurately predict the course of medulloblastomas, in general and in BCNS, since no histological grading system has yet been identified that accurately predicts prognosis. This is confounded further by concerns as to the potentially increased risk of radiation-induced secondary malignancies, especially in children who have the potential for very long-term survival (e.g., the child who develops secondary osteosarcoma in the radiation field for a previously-treated medulloblastoma). The general impression that medulloblastomas have a more indolent course in BCNS than otherwise has led to some to suggest that the dose of radiation can be reduced (Stavrou et al., 2001) . As with many of the familial cancer syndromes described in this chapter, better understanding of the underlying genetics of cancers like medulloblastoma has led to more directed chemotherapies that hold some promise (Taipale et al., 2000) .
Other familial syndromes associated with pediatric CNS malignancies
Li-Fraumeni syndrome
Li-Fraumeni Syndrome (LFS) is another very rare autosomal dominant disease that is caused by a germ line mutation of chromosome p53 in roughly 70% of families in which the syndrome is diagnosed (Kleihues et al., 1997) . Patients exhibit an increased risk of variety of carcinomas and sarcomas, including premenopausal breast cancers, osteosarcomas, soft tissue sarcomas, acute leukaemia, cancer involving the adrenal cortex, and primitive neuroectodermal tumours (PNET) like medulloblastoma. This increased risk of a wide variety of malignancies likely stems from deactivation of p53, which normally controls apoptosis and the repair of damaged DNA.
Patients present not only with a variety of cancers, but with cancers at a very early age. The mean age at presentation in LFS patients with brain tumours is about 25 years. The diagnosis of so-called 'classic LFS' is made in any patient under 45 years who presents with a bone or soft-tissue sarcoma, plus one first-degree relative who presents with any cancer before age 45, plus one further first or second-degree relative of the same lineage who has had any cancer before age 45 or a sarcoma at any age (Li et al., 1988) . More recently, a related syndrome, called Li-Fraumeni-like syndrome, has been described, defined as a proband with any childhood tumour or any sarcoma, brain or adrenocortical tumour before 45 years of age, who has a first-or second-degree relative with any cancer before the age of 60 (Birch, 1994; Evans et al., 2008) . Interestingly, whereas p53 germ-line mutations are found in 70% to 80% of families with classic Li-Fraumeni syndrome, they only are identified in between 20% and 40% of families with Li-Fraumeni-like syndrome (Hottinger and Khakoo, 2009b) . The CHK2 checkpoint homolog gene, CHEK2, which is located on the long (q) arm of chromosome 22, also has been implicated in some families with classic Li-Fraumeni syndrome. Recently, mutation of another gene, which encodes for the breast cancer 2 (BRCA2) susceptibility protein, has been found with increased frequency in the non-classic syndrome (Evans et al., 2008) . It should be noted that p53 mutations are rare in sporadically occurring medulloblastomas. Overall, about 10% of LFS patients will develop a glioma before the age of 45, and another 5% a supratentorial primitive neuroectodermal tumour (PNET), like a medulloblastoma, or choroid plexus carcinoma (Taylor et al., 2000) . Since LFS is so rare, no clinical trials document the optimum treatment; but it generally is agreed that incident tumours should be treated as for sporadic cases, albeit with increased vigilance for additional tumours, both within the proband patient due to the increased risk of second cancers (Birch et al., 2001) , and the family.
Familial polyposis / Turcot syndrome
A Canadian surgeon named Jacques Turcot is accredited with having characterized Turcot syndrome, one of the several familial polyposis syndromes associated with familial, in this case autosomal recessive, inheritance and the presence of multiple colonic adenomas and adenocarcinomas (Foulkes, 1995) . An additional feature of Turcot syndrome is its association with several different neuroepithelial tumours of the central nervous system, including astrocytomas, medulloblastomas, pineoblastomas, gangliogliomas, and ependymomas (Hottinger and Khakoo, 2009b) . Turcot syndrome has been categorized into types 1 and 2, with type 1 characterized by glioblastoma, no familial adenomatous polyposis, but often hereditary non-polyposisrelated colorectal carcinoma. Germ-line mutations in a few DNA mismatch repair genes -PMS2, MLH1 and MSH2 -are associated with type-1 Turcot syndrome. Interestingly, type-1 Turcot syndrome also is associated with café au lait spots (Hottinger and Khakoo, 2009b) . Conversely, type-2 Turcot syndrome families have medulloblastomas as their most common CNS malignancy, and multiple adenomatous polyps that often undergo malignant transformation (Hamilton et al., 1995) . Unfortunately, medulloblastomas, glioblastomas and anaplastic astrocytomas are the most common CNS tumours observed in Turcot's syndrome, the three combined accounting for 95% of all CNS tumours in these families (Paraf et al., 1997) ; and the latter two are inevitably fatal. In addition, they tend to occur early, with medulloblastomas typically diagnosed in children less than 10 years old, and gliomas in those under age 30 (Hottinger and Khakoo, 2009b; McLaughlin et al., 1998; Jamjoom et al., 1989; Schroder et al., 1983) . As such, and because some die of metastatic colon cancer that sometimes presents quite early in childhood or the second decade of life, many die as adolescents or young adults. In one tragic case, for example, doctors in Pittsburgh reported the case of a girl who developed a medulloblastoma at the age of 5 years. Ten years later, she developed adenocarcinoma of the colon. Then, seven months after resection of a Dukes' C2 adenocarcinoma, she presented with a second primary CNS tumour, this time a glioblastoma multiforme (McLaughlin et al., 1998) . Presumably, she died shortly thereafter from her glioblastoma.
Rubenstein-Taybi syndrome
Rubenstein-Taybi syndrome is an autosomal dominant disorder that is associated with numerous anatomical/functional abnormalities that include abnormal facies, microcephaly, broad thumbs, big toes and moderate to severe intellectual impairment. There also is an increased incidence of neuroepithelial tumours; in particular medulloblastomas, meningiomas, and oligodendrogliomas (Taylor et al., 2001) , though other CNS tumours have been described (Burton et al., 1997) . A germ-line mutation in one allele of CRE binding protein (CBP, a transcriptional co-activator for several c-AMP regulated genes) has been implicated in many cases. CBP binds to the activated form of GLI, a transcription factor that is important in the regulation of the Sonic hedgehog homolog (SHH) that, as stated earlier, controls cell division in adult stem cells and has been implicated in oncogenesis. The GLI gene is downstream of the PTCH1 gene that is mutated in basal cell nevus syndrome.
Ollier's disease and Maffucci syndrome
Enchondromatosis, also called dyschondroplasia, is a hamartomatous proliferation of chondrocytes within the metaphysis of bone (2008) . Enchondromatosis often is asymptomatic and only diagnosed as an incidental X-ray finding. On the other hand, it can lead to significant deformities, reduced bone length (Baumgart et al., 2005; Shapiro, 1982) , and occasional pathologic fractures (Shapiro, 1982) . Moreover, enchondromas appear to have an association with malignancy. This includes both chondrosarcomas that result from sarcomatous transformation of the enchondromas themselves, and other histologicallydistinct malignancies, including angiosarcomas, osteosacrcomas, a variety of central nervous system tumours, ovarian tumours, and various leukaemias (Ranger et al., 2009b) . This association with malignancy appears to be particularly true in instances of multiple enchondromatoses, as in Ollier's disease and Maffucci's syndrome (Schwartz et al., 1987) . In 1881, an Italian pathologists named Angelo Maffucci first described a patient with enchondromatosis and venous angiomas on the skin(Maffucci, 1881), though others followed suit within a decade (Kast and von Recklinghausen, 1889) . For years, the apparent 'dual discovery' of this combination of clinical findings led to the alternative use of the labels Maffucci's syndrome and Maffucci-Kast syndrome, though the latter label ultimately largely was discarded. The term Ollier's disease entered into use after 1889, when a French surgeon, Louis Léopold Ollier, described a patient with enchondromatosis in the absence of any evident vascular abnormalities (Ollier, 1899) . Since then, a line largely has been drawn between those with accompanying vascular abnormalities, primarily haemangiomas, and those without. Debate continues as to whether these two 'syndromes' are distinct clinical entities, versus variations in the expression of the same disease (Mellon et al., 1988) . This debate has been fuelled by the late discovery of vascular abnormalities in some patients previously considered to have Ollier's disease (Ahmed et al., 1999; Bertucci and Krafchik, 1995) . Both conditions are considered very rare, with Ollier's disease having a reported prevalence of roughly one in 100,000 (Silve and Jüppner, 2006) ; and fewer than 200 total cases of Maffucci's syndrome reported in the literature since it first was reported in 1881 (Balcer et al., 1999) .
The first report of a CNS malignancy in a patient with multiple enchondromatosis was published in 1904, by Boinet, who diagnosed a chondrosarcomatous lesion of the skull base in a 37-year old gentleman with Maffucci's syndrome who was living in France (Boinet, 1904) . Since that time, 45 additional patients with either Ollier's disease (OD) or Maffucci's syndrome (MS) and some form of intracranial malignancy have been reported in the medical literature, ranging from 6 to 58 years old (Ranger et al., 2009a) . The combination of enchondromatosis and an intracranial malignancy is rare, but this is because both conditions are relatively rare in themselves (Balcer et al., 1999; Silve and Jüppner, 2006) . This combination is not likely to be a coincidence (Ranger et al., 2009a) . Moreover, though traditionally it has been thought that Maffucci's syndrome is the more likely syndrome of the two to be associated with a malignancy, in fact, the combination of Ollier's disease and an intracranial malignancy is at least as common, albeit allowing for our lack of knowledge regarding the baseline prevalence rates of OD and MS. Ollier's disease patients also appear to contract their neoplasm at an earlier age, including very young childhood (Ranger et al., 2009b) . This is true for both chondrosarcomas and nonsarcomatous neoplasms (NSN). In another study using the same subject pool, for example, patients with OD and malignancy were more than 10 years younger than their MS counterparts (24.7 vs. 34.9 years; p = 0.002), as were patients with OD and chondrosarcoma versus those with MS and chondrosarcoma (24.7 vs. 36.2; p = 0.035) (Ranger et al., 2009a) . Among those with NSN, the difference in mean age approached statistical significance (24.7 vs. 32.6; p = 0.092). Also, seven of 24 with OD were 18 years old or younger, versus just 2 of 22 with MS. However, other than youths tending towards being more likely to have the combination of OD and malignancy than MS and malignancy, no other significant differences seem to exist between youths and adults, with respect to the demographic characteristics of patients or the clinical characteristics of their intracranial tumours (Ranger and Szymczak, 2009) . What this implies is that the underlying enchondromatosis is associated with at least a reasonably lifelong increased risk of malignancy, which persists into the sixth decade, if not beyond, rather than there being distinct characteristics of childhood/adolescence and adulthood that predispose such patients to risk. What causes that persistent increase in malignancy potential is not yet known. We do know that single enchondromas, outside some greater syndrome, are associated with an elevated risk of malignant change. Altay et al (Altay et al., 2007) , for example, conducted an 18-year retrospective analysis of 627 cartilage-forming benign bone tumours, and found that 32 patients had experienced malignant transformation, with 14 of these 32 patients initially having had a solitary osteochondroma, ten multiple osteochondromas, six a solitary enchondroma, one Ollier's disease, and one Maffucci's syndrome. The one patient with Ollier's disease had two chondrosarcomas; and the single patient with multiple osteochondroma had three chondrosarcomas. The overall rate of malignant transformation for cartilage-originating tumours was 5.1%, being 4.2% for solitary osteochondromas, 9.2% for multiple osteochondromas, and 4.2% for solitary enchondromas. A variety of chromosomal abnormalities also have been reported in isolated cases of OD or MS and chondrosarcoma. These abnormalities include, for example, the interstitial deletion, del(1)(p11p31.2), as the only chromosomal abnormality identified in a low-grade chondrosarcoma in a patient with Ollier's disease (Ozisik et al., 1998) . Also, Bovée et al (Bovee et al., 2000) identified (1) the loss of heterozygosity (LOH) in a tibial chondrosarcoma and its metastases, exclusively on chromosome bands 13q14 and 9p21, with the LOH not identified in a femoral enchondroma that was analyzed; and (2) p53 over-expression in a tibial chondrosarcoma and its metastases, not present in a femoral enchondroma. Meanwhile, Chang et al (Chang and Prados, 1994) identified identical male twins with OD who both developed astrocytomas within their cerebral cortex during their early twenties; and Robinson et al (Robinson et al., 1994) found evidence of mitogenic neurotransmitters within both enchondromas and soft tissue hemangiomas in a patient with Maffucci's syndrome, implying that the bone and vascular lesions, and possibly malignant tumours, might be related to an underlying neural abnormality. Having said all this, to date, no consistent chromosomal abnormalities have been identified in these patients, and all theories regarding the cause of malignancies in these syndromes remain unproven. Just like the phakomatoses and familial syndromes like Li-Fraumeni and Turcot syndrome, enchondromatosis appears to confer a substantial increased risk of a variety of CNS and other malignancies, at least through the sixth decade of life and as early as the first decade; and children, adolescents and adults appear not to differ substantially in this risk. These two points have implications for both primary physicians and specialists, including surgeons; because it means that the risk of intracranial malignancy should not be ignored in any patient with enchondromatosis, whether they have accompanying vascular lesions or not. In fact, those without vascular lesions may have higher risk over the first few decades of life than those with. Ideally, further research one day will clarify the cause or causes of this increased risk. Moreover, as we gain a better understanding of the genetics behind the various familial disorders associated with malignancy, improved and more precisely targeted therapies will be developed, to more successfully treat malignancies once they arise, and perhaps even to prevent them in those who are at significantly increased risk.
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